Cytochrome P450 (CYP) gene transfer sensitizes tumor xenografts to anticancer prodrugs such as cyclophosphamide (CPA) without a detectable increase in host toxicity. Optimal prodrug activation is achieved when a suitable P450 gene (e.g., human CYP2B6) is delivered in combination with NADPH-cytochrome P450 reductase (P450R), which encodes the flavoenzyme P450 reductase. We sought to improve this gene therapy by coordinated delivery and expression of P450 and P450R on a single bicistronic vector using an internal ribosomal entry site ( 
INTRODUCTION
Gene-directed enzyme prodrug therapy (GDEPT) is designed to sensitize tumor cells to cancer chemotherapeutic prodrugs. Many GDEPT strategies have been introduced over the last several years; however, only a few have advanced to the stage of human clinical trials (1) (2) (3) . The success of prodrug activation gene therapy is influenced by multiple factors, including the activity and specificity of the prodrug activating enzyme, the efficiency and selectivity of gene transfer, the potency of the activated prodrug, and the strength of the bystander effect. One emerging GDEPT strategy utilizes cytochrome P450 (CYP) enzymes in combination with the flavoenzyme P450R to activate established anticancer prodrugs with demonstrated clinical utility, such as cyclophosphamide (CPA) and its isomer ifosfamide (IFA; Refs. 4, 5; reviewed in Refs. 6, 7). CPA and IFA are alkylating agent prodrugs that induce DNA cross-linking in a cell cycle-independent manner, and ultimately trigger a mitochondrial pathway apoptotic cell death in the case of CPA (8) and either apoptosis or necrosis in the case of IFA (8, 9) . CPA and IFA are activated by a subset of liver-expressed P450 enzymes (10, 11) , which catalyze a 4-hydroxylation reaction that yields cell membrane-permeable, cytotoxic metabolites. These metabolites are transported from the liver to tumor cells and also normal host tissues, where they induce deleterious side effects that limit therapeutic effectiveness (12, 13) .
The anticancer activity of CPA in cultured tumor cells, and in rodent and human xenograft models is substantially increased by introduction of cDNAs encoding the P450 enzymes CYP2B1 and CYP2B6, which are major catalysts of CPA activation in rat and human liver, respectively (14 -17) . The efficacy of this P450 GDEPT strategy may be additionally enhanced in several ways: (a) by using P450/P450R-activated bioreductive drugs that target hypoxic regions of solid tumors, either alone or in combination with CPA (18, 19) ; (b) by increasing the tumor/liver partition of P450 prodrugs, using thyroid hormone antagonists to suppress liver P450R expression and thereby decrease liver P450 metabolic activity (20) ; and (c) by administration of CPA in frequent, low doses (21) using a metronomic schedule associated with antiangiogenic activity (22) .
In the present study we sought to enhance the efficiency of P450 gene delivery and P450 prodrug activation. We report improved P450 prodrug activity using an internal ribosome entry site (IRES) sequence (23) to achieve coordinate expression of P450 and P450R. We additionally show that a replication-defective adenovirus armed with a CYP2B6-IRES-P450R expression cassette (Adeno-P450) can sensitize human tumor cells of diverse tissue origin to CPA. Finally, we demonstrate that a tumor cell-targeted, conditionally-replicating E1b-55k-deleted adenovirus, closely related to the Onyx-015 oncolytic adenovirus now in Phase II/Phase III clinical trials (24 -26) , can be used as a helper virus to greatly increase the efficiency of tumor cell expression and spread of Adeno-P450. This effect is demonstrated both in cell culture and in vivo in a human xenograft model, and is shown to enhance production of cytotoxic, P450-activated CPA metabolites and thereby significantly increase tumor cell kill.
subcloned into the BamHI site of pBabe-P450R-puro. The resulting plasmid, pBabe-IRES-P450R-puro, was linearized by digestion with SpeI and EcoRI, blunt ended, and then ligated to a blunt-ended SpeI-SphI fragment encompassing the open reading frame of CYP2B6 excised from pBabe-2B6-puro (15) . The resulting construct is designated pBabe-2B6-IRES-P450R-puro. The CYP2B6 cDNA used in these studies (GenBank accession no. M29874) corresponds to the wild-type (CYP2B6*) allele (29) , i.e., Arg22/Lys139/Gln172/Ser259/Lys262/Arg487. CYP2C18 cDNA was cut from pBabe-2C18-Met-puro (15) using SpeI and VspI, blunt ended, and then subcloned into SpeI-and EcoRI-linearized and blunt-ended pBabe-IRES-P450R-puro. CYP2C19 cDNA was cut from pBabe-2C19-puro (15) using SpeI and BglII, followed by blunt-end subcloning into the SpeI and EcoRI sites of pBabe-IRES-P450R-puro.
9L Cell Lines Coexpressing P450 and P450R cDNAs. Transfection of the ecotropic packaging cell line Bosc 23 (30) with pBabe-2B6-IRES-P450R-puro, pBabe-2C18-IRES-P450R-puro, pBabe-2C19-IRES-P450R-puro, pBabe-P450R-puro, and pBabe-IRES-P450R-puro retroviral plasmids, harvesting of retroviral supernatants, and infection of rat 9L gliosarcoma cells were carried out as described (15) , with the following modifications. Bosc 23 cells were plated at 2.5 ϫ 10 6 cells in a 60-mm dish. Fresh media (4 ml) containing chloroquine (25 M) was added to the cells 16 h later. The cells were cotransfected 1 h later with 5 g of retroviral plasmid DNA and 2.5 g of the helper plasmid pKat (31) using 9 l of the cationic liposome Fugene 6 (Boehringer-Mannheim) in a total volume of 40 l DMEM without FBS. Pools of cells resistant to puromycin (2.5 g/ml) were selected 48 h later over a 2-3-day period as described (15) . Drug-resistant pools of cells were propagated and then assayed for P450R-catalyzed, NADPH-dependent cytochrome C reduction (A 550 measured at 30°C) in isolated microsomes (15) . A 3-4-fold increase in P450R activity was exhibited by the 9L/pBabe-IRES-P450R cells versus a 2-3-fold increase in the pools of 9L/P450-IRES-P450R transfectants.
Growth Inhibition Assay. The chemosensitivity of P450-expressing 9L cell lines was determined using a 4-day growth inhibition assay, with cells plated in triplicate at 4000 cells/well of a 48-well plate 1 day before treatment with CPA continuously for 4 days (15). The same assay was used to evaluate the intrinsic sensitivity of tumor cells to the chemically activated CPA and IFA derivatives 4OOH-CPA and 4OOH-IFA (0 -5 M). Cells remaining at the end of 4 dats were stained and quantified using a crystal violet/alcohol-extraction assay (15) . Data are expressed as cell number (A 595 ) relative to drug-free controls, mean Ϯ SD values for triplicate samples, unless indicated otherwise.
Construction of Recombinant Adenovirus. A replication-defective, E1 and E3 region-deleted adenovirus encoding CYP2B6 and P450R, designated Adeno-P450, was constructed using the AdenoX expression system (Clontech Laboratories Inc., Palo Alto, CA). pBabe-2B6-IRES-P450R-puro was linearized using BamHI, blunt ended, and the CYP2B6-IRES-P450R cassette then cut with DraI and ligated into the DraI site of pShuttle (Clontech Labs). The resulting plasmid, pShuttle-2B6-IRES-P450R, was used to construct the recombinant adenovirus, Adeno-P450, as described in the manufacturer's kit. The cytomegalovirus-IE promoter of pShuttle drives Adeno-P450-directed expression of CYP2B6 and P450R, and ensures robust expression in a wide range of cell lines and tissues. The conditional replicating virus Onyx-017, which contains wild-type viral E3 region and an E1b-55k gene deletion equivalent to that of Onyx-015 (25), was obtained from Onyx Pharmaceuticals, Inc. (Richmond, CA). Adeno-␤-galactosidase (Adeno-␤Gal) is an E1-and E3-region deleted, replication-deficient adenovirus that contains a ␤-galactosidase reporter under the control of a cytomegalovirus promoter and was used in our previous studies (14) .
Adenovirus Purification. Adenoviral stocks were propagated in human kidney 293 cells grown in 100-mm plates at 37°C in a humidified, 5% CO 2 atmosphere in high glucose DMEM containing 10% FBS. Cells were grown to ϳ90% confluence and then infected with Adeno-P450 at a multiplicity of infection (MOI) of ϳ5 viral particles per cell. Alternatively, 3-5 ml of Ϫ80°C frozen culture supernatant obtained from Adeno-P450-infected 293 cells was used to reinfect the 293 cells. Seventy-two h after infection, Ͼ80 -90% of the cells became rounded, and 10 -20% of the cells were floating. The cells were then collected by centrifugation and resuspended in 20 ml of buffer A [10 mM Tris-base (pH 8.0) and 1 mM MgCl 2 ]. The virus was released by three freeze-thaw cycles, alternating between an alcohol-dry ice bath and a 37°C bath. The cell lysate was centrifuged at 4°C for 10 min at 3,000 rpm, and the supernatant was placed on ice. The residual cell pellet was re-extracted in the same manner with 10 ml of buffer A, and the combined supernatants were treated with Benzonase (0.5-1 units/ml) at room temperature for 30 min. The treated suspension was layered carefully onto a cold CsCl step gradient comprised of 10 ml of light CsCl [1.20 g/ml: 22.39 g CsCl ϩ77.6 ml of 10 mM Tris-base (pH 8.0)] layered on top of 10 ml of heavy CsCl [1.45 g/ml: 42.2 g CsCl ϩ57.8 ml of 10 mM Tris-base (pH 8.0)]. Samples were centrifuged in a Sorval Pro ultracentrifuge in an SW28 rotor at 4°C for 2 h at 20,000 rpm. The banded virus was collected and diluted with an equal volume of 10 mM Tris-base (pH 8.0), and rebanded on a second CsCl step gradient consisting of 4 ml each of light CsCl and heavy CsCl as described above, then centrifuged overnight at 4°C at 20,000 rpm in a Sorval SW41Ti rotor. The purified virus was desalted by dialysis against 10 mM Tris-base (pH 8.0), 1 mM MgCl 2 , and 10% glycerol, with the effectiveness of desalting verified by conductivity measurement. Alternatively, the purified virus was passaged through a Bio-Rad Econo-Pac 10DG Column pre-equilibrated with 30 ml of column buffer [10 mM Tris-base (pH 8.0), 1 mM MgCl 2 , and 10% glycerol]. The virus suspension was loaded onto the column, and samples were collected immediately after the first 2.5-ml eluent. Viral titers were quantitated using the Adeno-X Rapid Titer kit (Clontech Labs), as described in the manufacturer's kit. Virus aliquots were stored at Ϫ80°C. Adenoviral Infection of Human Tumor Cell Lines and CPA Cytotoxicity Assays. Thirteen human tumor cell lines selected from the NCI-60 panel (see Fig. 2 , below; Ref. 32) were obtained from Dr. Dominic Scudiero (National Cancer Institute). The A549 lung cancer cell line was also obtained from Onyx Pharmaceuticals, Inc. and was used in all of the helper adenovirus experiments. In the experiments shown in Fig. 2 (see below), cells were seeded in six-well plates at 75,000 cells per well. Sixteen h later the cells were infected for 1 h with Adeno-P450 at an MOI of 90 plaque-forming units (pfu)/cell in 1 ml of RPMI 1640 containing 5% FBS, after which the medium was removed and replaced with fresh medium. Cells were incubated for an additional 48 h and cell lysate then prepared by sonication. P450R activity in 20 g cell lysate was assayed to obtain an overall indication of viral transduction efficiency. In other experiments ( Fig. 3B; below) , human tumor cells were plated in triplicate at 8,000 cells/well of a 24-well plate 18 -24 h before adenovirus infection. Cells were infected for 1 h with Adeno-␤Gal at MOI 50 or with Adeno-P450 at MOI values of 25, 65, and 125 pfu/cell in DMEM containing 5% FBS. Fresh medium (1 ml) was then added to each well, followed by an additional 24-h incubation. The cells were then treated with CPA (0 -1 mM, as specified in each experiment) and cultured up to 4 days. Cells remaining at the end of the experiment were stained with crystal violet and quantified (A 595 ) as percentage of survival relative to untreated cells.
Onyx-017 Helper Virus Experiments. In a typical experiment, A549 cells were plated in six-well plates at 75,000 cells/well. Cells were infected for 1 h with Adeno-␤Gal or Adeno-P450, either alone or in combination with Onyx-017, at MOIs specified in each experiment. The medium was then replaced with virus-free medium. Individual plates of cells were stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) 1-5 days later to evaluate the spread of Adeno-␤Gal. ␤-Galactosidase activity was quantitated using a microtiter plate reader (A 650 ) after resuspending the X-gal stain in 1 ml DMSO/well of a six-well plate (18) . To determine whether the infected cells continue to release infective Adeno-␤Gal viral particles, the supernatant from day 4-or day 5-infected cells was used to infect fresh A549 cells, which were stained with X-gal 48 h later.
In other experiments, the effect of Onyx-017 on Adeno-P450-dependent CYP2B6 expression and CYP2B6-catalyzed 4-hydroxy-cyclophosphamide (4OH-CPA) production was assayed, as follows. Twenty-four h after infection with adenovirus, the cells were treated with 1 mM CPA in 3 ml of fresh RPMI 1640 containing 5% FBS and 0.5 mM semicarbazide to stabilize the 4OH-CPA metabolite. After 5 h of CPA treatment, 0.5 ml of culture supernatant was removed and assayed for the presence of 4OH-CPA released into the culture medium (33) . The cells were then washed once with PBS, scraped from the wells, and lysed by sonication in 50 mM potassium phosphate buffer and 1 mM EDTA (pH 7.4) containing 20% glycerol. The procedure was repeated on days 2-4 after viral infection in parallel sets of plates. Western blot analysis of CYP2B6 protein (30 g sonicated cell lysate protein/well) was performed using mouse anti-CYP2B6 monoclonal antibody and lymphoblastexpressed CYP2B6 protein (0.6 -1 pmol/lane) as standard (BD-Gentest, Inc., Woburn, MA).
To assess the impact of Onyx-017 on Adeno-P450-mediated CPA cytotoxicity, human tumor cell lines U251, PC-3, and A549 were plated in 24-well plates at 14,000 cells/well and infected 24 h later with Adeno-P450 (A549 and PC-3, MOI 12; U251 cells, MOI 3), either alone or in combination with Onyx-017 (MOIs 0, 0.3, 1, 2, 3, and 4). Virus was incubated with the cells for 3.5 h in RPMI 1640 medium (0.2 ml/well), after which an additional 1 ml of fresh RPMI 1640 was added to each well. The medium was removed 24 h later and 1 ml of fresh medium containing CPA (0, 0.25, 0.5, and 1 mM) was added to the cells. After 2 days of CPA treatment, the medium was replaced with 1 ml of fresh CPA-containing medium for an additional 5 days, after which cell survival was assayed by crystal violet staining.
Visualization of Helper Virus Dynamics by Immunochemistry. Confocal immunofluorescence microscopy was used to assay the expression of CYP2B6 in A549 cells infected with Adeno-P450 (MOI 25) or infected with Adeno-P450 (MOI 5) in combination with Onyx-017 (MOIs 0.1, 0.5, and 5). A549 cells (4000 cells/well) were plated in an eight-well LAB-TEK Chamber Slides (Nalgen Nunc, International). Cells were infected with adenovirus for 1 h at the indicated MOIs, after which the medium was replaced with 0.2 ml of fresh RPMI 1640 containing 5% FBS. Cells were then cultured for an additional 48 h. CYP2B6 immunostaining was then carried out as follows. Cells were washed with PBS buffer and fixed in 100% methanol at room temperature for 10 min. Samples were air-dried and then incubated twice for 10 min in PBS containing 3% FCS for blocking. Monoclonal anti-CYP2B6 antibody diluted 1/1000 into PBS containing 3% FCS (50 l) was then added to each well. The plates were covered with aluminum foil and incubated for 1 h at 37°C in a tissue culture incubator. Cells were washed twice for 5 min with 100 l of 3% FCS in PBS and then incubated with FITC-conjugated antimouse antibody (Molecular Probes, Inc., Eugene, OR) diluted 1:1000 in 3% FCS in PBS and incubated for 1 h at 37°C. Cells were washed under dim light with 3% FCS in PBS. To visualize cell nuclei, 50 l of propidium iodide (5 ng/ml in PBS) was added to the cells for 5 min, followed by two PBS washes. Slides were treated with a drop of Fluoroguard anti-fade reagent (Bio-Rad), covered with a coverslip sealed with nail polish and stored at Ϫ20°C before confocal microscopy. Cells were scanned with a BX-50 confocal laser-scanning microscope (Olympus Corp., New Hyde Park, NY) equipped with ϫ60 objective (Carl Zeiss, Thornwood, NY) and photographed.
Adeno-P450 Spread in A549 and PC-3 Xenografts in Scid Mice. Sevenweek-old (25-29 g) male ICR/Fox Chase mice, an outbred scid immunodeficient strain (Taconic Farms, Germantown, NY), were injected s.c. at each posterior flank with 4 ϫ 10 6 A549 or PC-3 tumor cells in a volume of 0.5 ml of serum-free DMEM using a 0.5-inch, 29-gauge needle and a 1-ml insulin syringe. Tumor sizes were measured twice a week using external calipers.
Tumors reaching approximately 200 -300 mm 3 in size were injected with Adeno-P450, alone or in combination with Onyx-017, using an established protocol (intratumoral injection of 50 l containing 5 ϫ 10 7 pfu of each virus, daily for 5 days). Tumors were excised on day 2, 7, and 14 after the last virus injection. The efficiency of Adeno-P450 gene delivery was monitored by immunofluorescence analysis of cryosectioned tumor slices using anti-CYP2B6 antibody. Mice were killed by cervical dislocation, tumors were excised and frozen in dry ice-cooled isopentane for 3 min, and were sectioned with a cryostat to give 25 m sections. Sections were fixed immediately in Ϫ10°C acetone and processed for immunohistochemical analysis as described above. Tumor extracts from PC-3 tumors were prepared by homogenization in 50 mM KPi buffer and 1 mM EDTA (pH 7.4) containing 20% glycerol. To assess the Onyx helper virus effect in vivo, 30 g of cell lysate was analyzed by Western blotting using anti-2B6 mouse monoclonal antibody. 
PC-3 Xenograft Growth Delay Studies in Scid
Mice. PC-3 prostate tumors were implanted s.c. at each posterior flank in 8-week-old male scid mice (25-29 g) as described above. Adeno-P450 and/or Onyx-017 was injected intratumorally using the viral doses and 5-day injection schedule described above, beginning 28 days after tumor implantation. Mice were treated with CPA using a metronomic schedule used in our earlier studies of 9L/P450 tumors in the same scid mouse model (21) : 140 mg CPA/kg body weight every 6 days beginning 5 days after the last adenovirus injection (i.e., day 37 after tumor implantation). Mice were divided into five treatment groups, each containing 5-7 tumors: (a) untreated; (b) CPA-treated; (c) Adeno-P450-injected and CPA-treated; (d) Onyx-017-injected and CPA-treated; and (e) Adeno-P450 and Onyx-017 coinjected and CPA-treated. Tumor areas (length ϫ width) were measured twice a week using vernier calipers (Manostat Corp., Zurich, Switzerland), and tumor volumes were calculated based on: vol ϭ /6 (length ϫ width) 3/2 . The effect of CPA on tumor growth rate was calculated relative to the tumor volume on day 35 (i.e., 2 days before the first CPA injection). This approach allows for comparisons of the effects of drug treatment on the growth of tumors that differ in size at the time of initial drug treatment. One-way ANOVA analysis using the Bonferroni multiple comparison test was carried out using GraphPad Prism 4 software (San Diego, CA).
RESULTS

Coordinate Expression of P450 and P450R Linked by IRES
Sequence. Retroviral vectors based on the pBabe-puro series (27) were used to construct recombinant retroviruses incorporating human CYP2B6, CYP2C18, and CYP2C19 in bicistronic constructs linked in tandem with human P450R via an IRES sequence. Rat 9L gliosarcoma cells were infected with each retrovirus to assess the functionality of each bicistronic construct. Pools of stably infected cells were obtained and characterized in comparison with a control retroviral cell line, 9L/pBabe. Fig. 1A shows that the bicistronic construct CYP2B6-IRES-P450R sensitized the pool of infected 9L cells to CPA to an extent far greater than the two other bicistronic retroviral constructs under the same conditions. CYP2C19-IRES-P450R retrovirus sensitized 9L cells to CPA only at higher doses of the prodrug, consistent with the lower intrinsic CPA 4-hydroxylase activity of CYP2C19 compared with CYP2B6 (34), whereas the CYP2C18-IRES-P450R retrovirus was ineffective (Fig. 1A) .
P450R activity was increased in 9L cells infected with CYP2B6-IRES-P450R or CYP2C19-IRES-P450R retrovirus, as assayed in extracts prepared from virus-infected cells. P450R activity was somewhat higher in 9L/IRES-P450R cells, which were established by infection with the single cistron retroviral construct IRES-P450R (Fig.  1B) . This finding is consistent with reports showing reduced expression of a second cistron following an IRES sequence (35) . Most notable was the very low P450R activity of 9L/2C18-IRES-P450R cells, which approached the background activity of 9L/pBabe controls. This finding is reminiscent of the very low level of retroviral expression of CYP2C18 seen in our earlier study (15) . Additional characterization of the CYP2C18 cDNA in a series of CYP2C18-IRES-P450R retroviral infection experiments using the P450R cistron as a reporter gene revealed that the bicistronic construct was destabilized by sequences between CYP2C18 cDNA nucleotides 1471 and 1751, which includes 40 nucleotides at the 3Јend of the open reading frame of CYP2C18 (data not shown).
Adenoviral Expression of CYP2B6-IRES-P450R in Human Tumor Cell Lines. A replication-defective, E1-and E3-region-deleted adenovirus containing the CYP2B6-IRES-P450R expression cassette was engineered and designated Adeno-P450. The ability of this virus to induce P450 and P450R expression was evaluated in a panel of 13 . A, each cell line was treated with 5 M 4OOH-CPA or 4OOH-IFA for 4 days. Cells remaining at the end of the experiment were quantified by crystal violet staining. Data are expressed as percentage growth inhibition compared to the untreated cell controls, mean for triplicate samples; bars, ϮSD. Similar profiles were evident in parallel experiments using 1, 2, and 3 M of each drug. Error bars not shown are too small to be seen. B, sensitization of the six indicated cell lines to CPA after Adeno-P450 infection. Cells were plated in triplicate at 8000 cells/well of a 24-well plate 18 -24 h before adenovirus infection. Cells were then infected for 1 h with Adeno-␤Gal at multiplicity of infectin (MOI) 50 or with Adeno-P450 at MOIs of 25, 65, and 125 in DMEM containing 5% FBS. Fresh medium (1 ml) was then added to the wells followed by an additional 24-h incubation. Cells were then treated with CPA (0 -1 mM). Cells remaining after 4 days of growth were quantified by crystal violet staining as described in "Materials and Methods." Fig. 4 . 4-Hydroxy-cyclophosphamide production in Adeno-P450-infected U251 cells. Cells were plated in six-well plates at 75,000 cell/well and infected with Adeno-P450 for 1 h, after which the medium was replaced as described in "Materials and Methods." Beginning 24 h after infection (ϭ day 1) and on days 2, 3, and 4 thereafter, plates of cells were assayed for cyclophosphamide (CPA) 4-hydroxylase activity using 1 mM CPA and a 5-h incubation period, as described in "Materials and Methods." Cells were infected on day 0 with Adeno-P450 at multiplicity of infection (MOI) 65 (A) or were infected with Adeno-P450 repeatedly on days 0, 1, 2, and 3 at a daily dose of MOI 65 (B). Fig. 2 ). Up to a 7-fold increase in total cellular P450R expression (rate of P450R-catalyzed cytochrome C reduction) was observed. Six of the 13 cell lines showed at least a 4-fold increase in P450R activity and 9 showed at least a 2-fold increase. CYP2B6 protein was also increased significantly in 9 of the cell lines after Adeno-P450 infection (Fig. 2B) . The extent of this latter increase generally correlated with the cell linedependent increases in P450R expression ( Fig. 2A) , consistent with the coordinate expression of CYP2B6 and P450R linked by the IRES sequence. Little or no increase in P450R activity or CYP2B6 protein expression was detected in the four remaining cell lines. This reflects poor adenoviral infectivity and/or expression in the case of PC-3 prostate cancer and HT-29 colon carcinoma cells, as demonstrated by the weak (PC-3 cells) and extremely weak staining with the ␤-galactosidase substrate X-gal (HT29 cells) after infection with 50 MOI of Adeno-␤Gal, which encodes ␤-galactosidase (data not shown). X-gal staining was intermediate in A549 cells and strongest in cell lines U251, IGROV, and 786-O, where 50 -70% of the cells stained under the same conditions of Adeno-␤Gal infection (data not shown). These findings may indicate substantial cell line-dependent differences in expression of the integrins and CAR proteins that serve as receptors for adenovirus and/or differences in the intrinsic strength of the cytomegalovirus promoter used to regulate the ␤-galactosidase reporter.
Adeno-P450 Sensitizes Human Tumor Cells to CPA. The 13 human tumor cell lines were characterized with respect to their intrinsic sensitivities to 4OOH-CPA and 4OOH-IFA, chemically activated derivatives of CPA and IFA that decompose in aqueous media Fig. 3A) , as are rat gliosarcoma 9L cells (15) . These differences in intrinsic sensitivity to 4OOH-CPA versus 4OOH-IFA may reflect differences in the cellular response to drug-induced DNA damage, which involves a 5-atom cross-link in the case of phosphoramide mustard, derived from CPA, and a 7-atom cross-link in the case of isophosphoramide mustard, derived from IFA. A549 lung carcinoma cells were the least sensitive to both oxazaphosphorines. This finding is consistent with the expression in A549 cells of high levels of aldehyde dehydrogenase forms 1 and 3, which convert 4OH-CPA and 4OH-IFA to the corresponding inactive carboxyphosphamides (36) , and would render this cell line particularly resistant to P450-activated CPA.
Next, six of the tumor cells lines were additionally investigated to determine whether Adeno-P450 infection results in a level of CYP2B6 and P450R expression that is sufficient to sensitize the cells to CPA. U251 (brain), IGROV1 (ovarian), 786-O (renal), PC-3 (prostate), MDA-MB-231 (breast), and A549 (lung) cells were infected with Adeno-P450 at MOIs of 25, 65, and 125, or with Adeno-␤Gal (MOI 50) as a control (Fig. 3B) . Increased CPA chemosensitivity was achieved with increasing MOI of Adeno-P450 in four of the six cell lines. The control virus, Adeno-␤Gal, had no effect, demonstrating that the increase in CPA cytotoxicity is cytochrome P450-dependent. Adeno-P450 did not appreciably sensitize PC-3 cells to CPA, which likely reflects the poor intrinsic adenoviral gene transfer in these cells (Fig. 2, A and B) . A549 cells were readily infected by Adeno-P450 at the high MOIs used in these experiments (Fig. 2, A and B) , but were nevertheless resistant to CPA, consistent with the low intrinsic sensitivity of these cells to activated CPA (Fig. 3A) .
Repeat Infection of Tumor Cells Does Not Enhance Adeno-P450 Infection or CPA Activation. Experiments were carried out in U251 cells to determine whether the expression of P450 and P450R following Adeno-P450 infection leads to sustained production of the P450-generated cytotoxic CPA metabolite 4OH-CPA. Fig. 4A shows that the capacity of U251 cells for CPA 4-hydroxylation increased rapidly and became near maximal 1 day after Adeno-P450 infection. CPA 4-hydroxylase activity was maintained for 3 days, after which the cell capacity for CPA activation declined. Repeat infection of the cells with Adeno-P450 (MOI 65 applied each 24 h) did not additionally increase the cell capacity to activate CPA (Fig. 4B ) nor did it increase the level of transgene expression, as monitored by P450R activity (data not shown).
Replication-Conditional Onyx-017 Virus Promotes Amplification and Tumor Cell Spread of Adeno-␤Gal and Adeno-P450. In cells infected with wild-type adenovirus, the viral E1b protein must bind to and inactivate the p53 protein of the host cell in order for the virus to initiate replication (26) . However, when the viral E1b-55k gene is deleted, e.g., as in the case of the Onyx-015 adenovirus and its wild-type E3 region counterpart Onyx-017, efficient viral replication cannot proceed in cells that retain a functional, wild-type p53 pathway. Consequently, replication of the Onyx virus is largely restricted to tumor cells, which are generally deficient in p53 function (37) . Given the ability of the Onyx adenovirus to spread by tumor cell lysis, we investigated whether Onyx-017 can be used as a helper virus to facilitate amplification and cell-to-cell spread of replication-defective viruses such as Adeno-␤Gal and Adeno-P450. We first tested this hypothesis in A549 cells coinfected with Adeno-␤Gal (MOI 25) and Onyx-017 (MOI 5). In the absence of Onyx-17, ␤Gal expression was detectable in comparatively few A549 cells, as judged by staining with X-gal. Moreover, the level of transgene expression increased marginally whereas the number of infected cells remained essentially unchanged as the cell population grew over a 4-day period (Fig. 5A , left). By contrast, when the cells were infected with Adeno-␤Gal in combination with Onyx-017, the number of infected cells (Fig. 5A,  right) and the overall level of ␤-gal activity ( Fig. 6A ; data shown for a range of Onyx-017 MOIs) both increased dramatically in a timedependent manner. The strong increase in X-gal staining activity in individual cells seen early in the experiment (e.g., day 1 cells; Fig. 5A , right) is likely to reflect coamplification of the Adeno-P450 genome by the replicating Onyx virus, whereas the spread of X-gal staining to encompass a larger fraction of cells in the population by day 4 suggests that infectious Adeno-␤Gal virus particles are produced and released into the supernatant, followed by secondary infection of virus-naïve cells. This conclusion was verified in a separate experiment carried out at much lower viral MOIs, where supernatant obtained from day 4 and day 5 cultures of A549 cells coinfected with Adeno-␤Gal (MOI 6) and Onyx-017 (MOIs 0.3 and 1; Fig. 5B ) was used to infect a fresh plate of A549 cells. An Onyx-017-dependent increase in X-gal staining of the fresh cells was observed (Fig. 5C) , supporting the proposed role of Onyx-017 in enhancing the ability of Adeno-␤Gal to replicate within and spread to other tumor cells. However, as a result of the intrinsic oncolytic activity of Onyx-017, a decline in X-gal staining with time was seen in cultures infected with Onyx-017 at higher MOIs. In the case of A549 cells, this oncolytic activity was typically manifest by day 3-4 in cells infected with Onyx-017 at MOIs 5 and 10 ( Fig. 6A) . Comparable results were obtained at a later time point in cells infected at lower MOIs (data not shown).
The helper effect of Onyx-017 was confirmed in separate experiments using Adeno-P450. Fig. 5D shows the beneficial effect of Onyx-017 in enhancing the expression of Adeno-P450 in A549 cells, as visualized by confocal immunofluorescence staining with antibody to CYP2B6. Whereas CYP2B6 expression in Adeno-P450-infected A549 cells (MOI 25) was at background levels 48 h after infection, robust CYP2B6 expression was evident when the cells were infected with a 5-fold lower dose of Adeno-P450 (MOI 5) in combination with low levels of Onyx-017 (MOIs 0.1, 0.5, and 5). P450-dependent CPA 4-hydroxylase activity was also greatly enhanced by coinfection of Adeno-P450 with Onyx-017, with the level of prodrug activation reaching a maximum at day 4 (Fig. 6B) . By contrast the CPA 4-hydroxylase activity of cells infected with Adeno-P450 alone was still at background levels at the same time point. This Onyx-017-dependent increase in A549 cell 4OH-CPA production was readily apparent at an Onyx-017 MOI as low as 0.1, despite the high level of aldehyde dehydrogenase activity present in these cells (36) . Moreover, this increase was associated with a strong, Adeno-P450-and Onyx-017-dependent expression of CYP2B6 protein, as shown by Western blot analysis (Fig. 6C) .
Onyx-017 Enhances Adeno-P450-Mediated CPA Cytotoxicity. To additionally establish the utility of the Onyx-017 helper system in the context of P450-based GDEPT, cytotoxicity experiments were carried out using three human tumor cell lines: U251 cells, which are intrinsically sensitive to 4OH-CPA cytotoxicity (Fig. 3A) ; A549 cells, which are intrinsically resistant to 4OH-CPA (Fig. 3A) ; and PC-3 cells, which are resistant to adenoviral infection (Fig. 2) but intrinsically sensitive to 4OH-CPA (Fig. 3A) . Cells were infected with Adeno-P450 (MOI 12 for PC-3 and A549 cells; MOI 3 for U251cells) either alone or in combination with Onyx-017 (MOIs ranging from 0 to 4). Cells were treated with CPA beginning 24 h after infection, and cell survival was assayed 7 days later (Fig. 7) . In the case of U251 cells, which become sensitized to CPA when Adeno-P450 is delivered at high viral titers (MOIs ranging from 25 to 125; Fig. 3B ) but not at low titers (i.e., MOI 3), Onyx-017 strongly increased Adeno-P450-dependent CPA cytotoxicity (Fig. 7A) . A major increase in CPA toxicity was also seen after coinfection of the Adeno-P450-resistant PC-3 cells with Onyx-017 (Fig. 7B) . A more modest increase in CPA toxicity was seen after Adeno-P450 ϩ Onyx-017 coinfection of the aldehyde dehydrogenase-rich A549 cells [ (Fig. 7C ) compare ϳ15% A549 cell kill at 0.5 mM CPA with 12 MOI Adeno-P450 ϩ 2 MOI Onyx-017 versus ϳ70% PC-3 cell kill (Fig. 7B) under the same conditions], despite the efficient expression of P450 and high cellular CPA 4-hydroxylase activity (compare Fig. 6 ). These experiments were carried out under conditions where the intrinsic adenoviral toxicity was marginal, as judged by the near-absence of an effect of infection with Onyx-017 and Adeno-P450 in the absence of CPA treatment (Յ12% cell death at Onyx-017 MOI 3 in the experiments shown in Fig. 7) . Thus, the substantial cytotoxicity of CPA seen in Fig. 7 is a reflection of bona fide prodrug activation-associated cytotoxicity, which, in turn, is a direct result of the helper effect of Onyx-017.
Onyx-017 Enhances Spread of Adeno-P450 in Tumor Xenografts in Vivo. We next investigated whether Onyx-017 could be used to enhance the intratumoral spread of Adeno-P450 in A549 and PC-3 xenografts grown s.c. in scid mice. Tumors were grown to approximately 200 -300 mm 3 in size, at which time they were injected with Adeno-P450 alone, or with Adeno-P450 ϩ Onyx-017 in combination, with each virus given as a series of 5 daily intratumoral injections of 5 ϫ 10 7 pfu. Tumors were excised 2, 7, or 14 days after the last virus injection and analyzed for CYP2B6 immunostaining after cryosectioning. Fig. 8 shows that the expression of CYP2B6 was largely restricted to small patches of cells in the Adeno-P450-infected A549 tumors (Fig. 8, A and B, left) . Little or no P450 expression was detected in Adeno-P450-infected PC-3 tumors (Fig. 8, A and B, right) . P450 expression persisted through the 14-day time point in the A549 tumors, but without spreading to additional tumor cells. By contrast, in the case of both the A549 and the PC-3 tumors coinfected with Adeno-P450 ϩ Onyx-017, CYP2B6 protein was detected as early as 2 days after the last virus injection (Fig. 8C) and then spread in a time-dependent manner to encompass much larger numbers of tumor cells distributed over a relatively large area (Fig. 8, D-F) . Western blotting carried out with PC-3 tumor cell extracts confirmed the much higher overall degree of P450 expression in the Onyx-017 coinfected tumors (Fig. 9) . Large areas of both tumor types in the 14-day coinfection groups showed specific staining for CYP2B6 protein in cells that appeared to lack nuclei, as visualized at higher magnification (Fig. 8F) . This may reflect the intrinsic tumoricidal and lytic activity of the replicating Onyx adenovirus, which is known to induce cell death via apoptosis and nuclear disintegration.
Impact of Adeno-P450 in Combination with Onyx-017 on CPA Antitumor Activity in PC-3 Tumor Xenografts. To evaluate the impact of the Onyx-017 helper system on intratumoral prodrug activation and antitumor activity in vivo, PC-3 prostate tumors were implanted s.c. in scid mice at each posterior flank. Beginning 28 days later, Adeno-P450 and/or Onyx-017 was injected intratumorally using the same viral doses and 5-day injection schedule used in Fig. 8 , above. Five days after the last virus injection, mice were treated with CPA using a metronomic schedule consisting of 140 mg CPA/kg body weight repeated every 6 days. Relative tumor volumes referenced to day 35 (2 days before first CPA injection) are presented in Fig. 10 .
Untreated PC-3 tumors showed an ϳ6-fold increase in tumor volume over a 20-day period (days , after which the mice were killed. CPA-treatment restricted growth of the PC-3 tumors to a 2.5-fold increase in volume over the same time period, consistent with the intrinsic responsiveness of PC-3 tumor cells to activated CPA (compare Fig. 3A ) and the therapeutic effectiveness of the metronomic CPA schedule in the context of liver P450-catalyzed CPA activation (21) . However, the initial growth-inhibitory response to CPA was followed by stabilization of tumor growth throughout the remainder of the study (day 76), with no consistent tumor regression apparent. Growth of the Adeno-P450-injected and CPA-treated PC-3 tumors was limited to a ϳ70% increase in tumor volume after seven CPA injections, evidencing an increase in therapeutic response associated with intratumoral, Adeno-P450-dependent CPA activation in comparison to the CPA alone treatment group. PC-3 tumors injected with Adeno-P450 in combination with Onyx-017 exhibited the most dramatic responses to CPA treatment: a sustained, time-dependent tumor regression began by the third CPA injection, decreasing the tumor volume by 37% from its peak value on day 49 (decrease from 135% relative tumor volume on day 49 to 85% on day 76). By contrast, CPA stabilized tumor growth but did not induce detectable tumor regression over the course of the study in the Onyx-017 alone treatment group. No significant toxicity beyond that of CPA treatment alone was associated with virus administration in any of the experimental groups, as determined by monitoring body weight profiles (Fig. 10,  legend) .
DISCUSSION
P450-based GDEPT is most efficacious when P450 is delivered to tumor cells in combination with P450R (15, 38) . This combination not only increases the catalytic activity of the P450 transgene, it also facilitates the incorporation of bioreductive prodrugs activated by P450 and/or P450R into P450 GDEPT strategies (18) . Presently we show that P450 GDEPT is more effective when the P450-P450R gene couple, comprised of CYP2B6 and P450R, is delivered to tumor cells via a single viral vector that enables their coordinate expression using an IRES sequence. Functional studies using retroviral and adenoviral vectors demonstrated the intrinsic advantage of the P450-IRES-P450R bicistronic construct, which delivers both transgenes to the same cell and results in strong gene transduction in a single infection. CYP2B6 was found to be a highly suitable candidate for incorporation into an IRES-P450R expression cassette, insofar as it is compatible with strong expression of both transgenes from the bicistronic construct and can be delivered either using retrovirus or using a replication-defective adenovirus designated Adeno-P450. By contrast, using a P450-IRES-P450R cassette of the same design, CYP2C19 conferred much weaker CPA cytotoxicity, whereas CYP2C18 was inactive. We previously encountered difficulties obtaining high-level expression of CYP2C18 in 9L cells (15) , which may help explain the inability of the CYP2C18-IRES-P450R expression cassette to sensitize 9L cells to CPA in the present study. Moreover, the poor expression of P450R by this retrovirus construct suggests that the CYP2C18 cDNA sequence may destabilize the retroviral mRNA. This conclusion is supported by deletion analysis, which localized the CYP2C18 destabilizing element(s) to a ϳ280 nucleotide 3Ј-segment of the CYP2C18 cDNA (1471-1751). 1 The replication-defective Adeno-P450 virus was shown to sensitize a wide range of human tumor cells lines to CPA. However, relatively high doses of this virus were required, and limited infectivity and/or limited CYP2B6 and P450R gene transfer was observed in several of 1 Unpublished observations. The medium was replaced with medium containing fresh CPA (but no virus) 2 days later to remove any infectious viral particles released into the medium, and thereby minimize the intrinsic cytotoxicity of the virus combination in the absence of CPA treatment (e.g., Յ12% cell death at Onyx-017 MOI 3 at 0 mM CPA in A-C; data not shown). The cells were then incubated for a total of 7 days of CPA treatment, and then were stained with crystal violet and quantitated. Data are expressed as percentage of survival compared to the corresponding drug-free controls. Data shown are mean Ϯ half the range values (n ϭ 2) and are representative of at least three independent experiments. the tumor cell lines tested, notably PC-3 prostate and HT-29 colon carcinoma cells. Furthermore, one of the cell lines studied, A549 lung carcinoma, although infectable by Adeno-P450, was nevertheless insensitive to CPA, most likely due to its high aldehyde dehydrogenase content (36) and the associated intrinsic resistance to activated CPA (Fig. 3) . These limitations could largely be overcome by infecting the tumor cells with Adeno-P450 in combination with the tumor cell-replicating adenovirus Onyx-017, which acts as a helper virus and substantially increased expression of the P450 transgene and conversion of CPA to its active 4-hydroxy metabolite. Remarkable increases in CPA cytotoxicity could thus be achieved, both in tumor cells that displayed low apparent intrinsic adenoviral infectivity (PC-3 cells) and in cells showing intrinsic resistance to activated CPA (A549 cells). Other experiments demonstrated that the replication-conditional Onyx-017 promotes the coamplification and tumor cell spread of the prodrug-activating Adeno-P450, as seen in cell culture studies and in human tumor xenografts grown in scid mice in vivo. Onyx-017, like the closely related Onyx-015 in clinical development (39) , is an E1b-55k-deleted adenovirus that can efficiently replicate in, and spread from tumor cells that have a deficiency in p53 or in a p53 pathway factor (24, 25) . The cancer therapeutic potential of these tumor cell-replicating viruses is considerable, given the p53 pathway defects present in an estimated ϳ90% of human cancers. Moreover, because the replication of Adeno-P450 is entirely dependent on that of Onyx-017, the tumor-specificity that is intrinsic to Onyx-017 is expected to confer tumor-selective targeting of Adeno-P450, and hence, selective activation of the P450 prodrug at the site of the tumor in vivo. Finally, because the replication of Onyx-017 is dependent on the p53 pathway deficiency of the infected cells, as noted above, this helper virus targeting approach may be applicable to a wide range of human cancers. This contrasts to the more narrow applicability of oncolytic viruses whose tumor specificity is regulated by tumorspecific promoters, such as prostate-specific antigen promoter, which can be used to restrict adenoviral E1a expression and viral replication to prostate cells (40, 41) , and ␣-fetoprotein promoter, used to target hepatocellular carcinomas (42) .
Replication-defective adenoviruses are likely to have limited utility for delivery of prodrug-activating enzymes in a clinical setting in vivo. Viral particles administered systemically are rapidly cleared from the bloodstream, whereas those introduced by direct intratumoral injection typically remain trapped at the site of injection (43) . The replication capability of oncolytic viral vectors, such as the Onyx viruses, may help overcome these problems, as indicated by their effectiveness in gene therapy treatments for cancer, in particular when combined with traditional chemotherapeutic drugs. Onyx-015 has demonstrated efficacy in combination with cisplatin-based chemotherapy (44) , and other replicating adenoviruses have demonstrated improved activity in combination with prodrug-activation genes, such as HSV-tk or cytosine deaminase (45) (46) (47) . These approaches may ultimately be limited, however, by the inhibitory effects of the activated prodrug on replication of the oncolytic viral vector. This may be of particular concern with anticancer prodrugs such as ganciclovir and 5-fluorocytosine, which are converted to antimetabolites that block DNA replication, including viral DNA replication. As a result, antimetabolite-generating prodrugs must be administered after the virus has successfully spread to the target tumor cells (48, 49) . In contrast to the antimetabolite prodrugs, however, the low frequency of DNA cross-linking induced by P450-activated CPA suggests that this prodrug is unlikely to inhibit viral replication, a supposition that has been verified in the case of an oncolytic herpes viral vector delivering P450 2B1 (16, 48) .
To our knowledge, the present study is the first to use a tumor cell-replicating adenovirus as a helper virus to enhance tumor cell delivery of a prodrug activation gene. These studies confirm and extend earlier reports using replication-conditional adenoviruses to promote the spread of replication-defective adenovirus encoding interleukin 12 or reporter genes such as luciferase or green fluorescent protein (50, 51) . Helper virus systems based on the use of two herpes simplex virus amplicons have been described (52, 53) , and similar approaches may be used to facilitate the spread of adeno-associated virus armed with suicide or other therapeutic genes. Although a therapeutic gene, such as P450, could in principle be incorporated directly into the genome of the replicating adenovirus, there are several advantages to using separate viral vectors as described here. First, the two-virus strategy increases the overall gene capacity of the adenoviral delivery system. Second, the ability to infect tumor cells with multiple adenoviral particles makes it possible to use the present helper virus system to deliver two or more therapeutic genes, each encoded by a different adenovirus, thus eliminating the need to engineer all of the requisite sequences into a single adenoviral construct. More complex, regulated therapeutic gene constructs can, therefore, be engineered into individual replication-defective adenoviruses without the need to modify the helper virus. Third, the use of a single vector strategy may potentially dampen and ultimately extinguish adenoviral spread as a result of the linkage between viralinduced cell lysis and cytotoxicity resulting from prodrug activation. This possibility is made even more likely in cases where the prodrug is administered continuously or frequently, such as with the metronomic CPA treatment schedule used in the present study. By contrast, the two-virus system provides for some control over the kinetics of Fig. 9 . Adeno-P450 expression in Onyx-017 coinfected PC-3 tumors. PC-3 tumors were grown in scid mice and infected with Adeno-P450 (Ad) alone or in combination with Onyx-017 (ON), as described in Fig. 8 . Extracts were prepared from individual tumors excised on days 2, 7, and 14 after the last viral injection, as indicated, and analyzed on the Western blot shown in the figure (70 g protein/well) using mouse anti-CYP2B6 monoclonal antibody. Lymphoblast-expressed CYP2B6 was used as a standard (0.5 and 1 pmol; left lanes of gel). Samples migrated more rapidly in the wells shown at the center of the Western blot. Some inter-sample variability in P450 protein levels is apparent (e.g., lane 8 versus lane 9; lane 11 versus lane 12). Fig. 10 . Tumor growth delay assay: PC-3 xenografts in scid mice. Scid mice were inoculated with PC-3 tumor cells as in Fig. 8 . Tumors were treated with Adeno-P450, alone or in combination with Onyx-017, as indicated, as a series of 5 intratumoral injections beginning 28 days later. Mice were untreated (UT) or were treated with 140 mg cyclophosphamide (CPA)/kg body weight every 6 days beginning on day 37; days of CPA injection are marked by vertical arrows along the X axis. Data shown are tumor volumes normalized to the volume of each tumor on day 35, i.e. 1 week after the first virus injection, to highlight tumor responses to CPA treatment. Data are based on n ϭ 5-7 tumors in each of the five indicated treatment groups (mean; bars, ϮSE). CPA-induced tumor regression was apparent in 6 of the 7 tumors in the Adeno-P450 ϩ Onyx-017 treatment group but not in any of the individual tumors in the other treatment groups (data not shown). The divergence in tumor growth rates between the two Onyx-017-injected groups versus the Adeno-P450 alone-injected group was apparent beginning at day 37 and reflects Onyx-017-dependent antitumor activity. The divergence between the Adeno-P450 ϩ Onyx-017 versus Onyx-017 alone group was apparent beginning at day 49, and reflects the added impact of intratumoral CPA activation. One-way ANOVA analysis of tumor volume data with Bonferroni multiple test correction gave the following significance values: P Ͻ 0.01 for untreated versus CPA group and P Ͻ 0.001 for untreated versus all other groups; analysis of the data from days 55-76 gave P Ͻ 0.05 for Adeno-P450 ϩ CPA versus Onyx-017 ϩ CPA, and P Ͻ 0.001 for all other pair-wise comparisons. Percentage of decrease in body weight over ϳ50-day observation period beginning on day of first adenovirus injection (day 28): CPA alone group, 10.7% Ϯ 1.3%; Adeno-P450 ϩ CPA, 6.3% Ϯ 1.6%; Adeno-P450 ϩ Onyx-017 ϩ CPA, 8.5% Ϯ 1.8%; Onyx-017 ϩ CPA, 14.8 Ϯ 1.9%, based on n ϭ 4 mice per treatment group. viral transmission and therapeutic gene spread by varying the ratio of viral particles carrying the replicating, oncolytic virus to viral particles bearing the therapeutic gene. Moreover, using the two-virus strategy, a complete cycle of viral replication may proceed in the absence of the prodrug-activating enzyme in at least some tumor cells within the overall population, thereby propagating viral spread. Fourth, the Onyx-017-based helper system allows for the combination of two independent and complementary strategies for tumor targeting, host cell p53 ϩ status to limit replication of the E1b-55k-deleted replicating Onyx virus, and introduction of a tumor-specific transcriptional control element to regulate expression of the therapeutic gene encoded by the replication-defective adenovirus. Finally, the two-virus approach will facilitate much-needed head-to-head comparisons between the Onyx virus and other tumor cell-selective replicating adenoviruses (54) with respect to their ability to deliver, and sensitize tumor cells to, suicide and other therapeutic genes for cancer treatment.
In this regard, Onyx-017 may present several important advantages over other replicating adenoviruses. First, the closely related Onyx-015 virus has shown human safety and encouraging antitumor activity in combination with chemotherapy in multiple clinical trials (55) . Second, the intact E3 region present in the Onyx-017 may provide for preferential replication of the E3 (and E1)-deleted Adeno-P450 virus. This possibility is suggested by the finding that E3-deleted adenovirus replicates at ϳ10-fold higher efficiency than E3 wild-type adenovirus in coinfection studies (56) . Third, the Onyx virus has a slow lytic cycle compared with wild-type adenovirus, which may increase the desired tumor cell spread of the replication-defective adenovirus. Other studies suggest, however, that the replication potential and oncolytic activity of the E1b-55k-deleted Onyx virus may be suboptimal in certain p53-deficient tumor cells (57) . Oncolytic adenoviruses of which tumor-selectivity is based on mechanisms distinct from that of Onyx-017 (58, 59) may be useful in such cases to facilitate therapeutic gene delivery.
Several potential disadvantages to using the two viral vector system described here should be noted. First, the need to successfully coinfect the same cell target with two separate viruses could present a problem for tumor cells with low intrinsic susceptibility to adenoviral infection due to the absence or low-level expression of integrins, or the adenoviral receptor CAR. Second, recombination between the replicating helper virus and the replication-defective adenovirus may occur and could potentially generate new viruses of which the safety profile is unknown. Third, although a comparatively low dose of adenovirus was used in the present intratumoral injection studies (5 ϫ 10 8 total pfu), much higher viral doses will likely be required for clinical applications involving systemic virus administration to target metastatic tumors. The potential host toxicities associated with high adenovirus doses may be alleviated, however, by using adenoviruses that contain modified fiber knob protein sequences, which can decrease adenovirus infectivity of host tissues such as the liver and increase the infectivity of CAR receptor-negative cells up to 1000-fold (60) .
Finally, while not a factor in the present scid mouse study, the immunogenicity of adenoviruses is a critical issue facing the clinical development of adenovirus-based oncolytic viruses (61, 62) , in part because of the presence of pre-existing neutralizing antibodies to adenovirus in many patients (63) and because of the need to administer the viral vectors repeatedly and via a systemic route. Antiviral cytotoxic T lymphocytes may, however, contribute to the anticancer response by targeting and thereby destroying adenovirus-infected tumor cells. Modulation of T-cell response and preventing neutralizing antibodies from reaching critical levels might both be possible in the case of CPA-based P450 gene therapies as a consequence of the established immune suppressive activity of CPA and its ability to prevent antigen proliferation of T cells by inducing cytotoxic Tlymphocyte apoptosis (64) . This property of CPA may reduce the immune barrier to adenovirus treatment, as shown by the effectiveness of CPA at inhibiting neutralizing antibodies (65, 66) , and increasing and prolonging transgene expression (67, 68) . Finally, the wild-type E3b region gp19k gene present in Onyx-017, but not Onyx-015, may inhibit MHC class I antigen presentation (69) and thereby block premature immune elimination of Onyx-017-and Adeno-P450-producing tumor cells.
In summary, the present study describes the use of a wild-type E3 region, tumor cell replication-conditional adenovirus as a helper virus to promote tumor cell spread of Adeno-P450, a replication-defective adenovirus armed with the P450 prodrug-activating genes CYP2B6 and P450R. This combination helps compensate for the poor gene transfer observed with certain human tumor cell lines, greatly increases tumor cell-catalyzed CPA activation, and dramatically enhances the overall sensitization of human tumor cells and tumor xenografts to CPA. The implementation of this strategy for tumor cell targeting of adenoviral vectors may lead to increased activity, enhanced selectivity, and improved delivery of P450 and other therapeutic genes for cancer treatment.
